As a sequel to previous papers on hi-scalar propagators in the Friedmann universes and a special Kasner universe (whose underlying space-time is flat), their counterparts for a massless scalar field in some Bianchi-type I universe (which is intrinsically curved and anisotropic) are derived by means of Hadamard's procedure and ours, the latter of which becomes inevitable in the realm of quantized field. The retarded propagator thus obtained is applied to the generation of the scalar field from a point source and a spatially uniform distribution of sources, respectively. In the former case, the luminosity formula for a point source is derived, which is an anisotropic version of Robertson's formula in the Friedmann universes. In the latter case, it is shown that the scalar field may behave as either a perfect fluid obeying Zel'dovich's hardest equation of state or an imperfect fluid whose equation of state violates the energy condition. Implication of the above three works on the occasion of quantizing the scalar field is also touched upon. § I. Introduction
we have derived propagators for a scalar field in Friedmann's isotropic universes and Kasner's anisotropic universes, respectively, and exemplified their applicability to the big-bang cosmology. (As mentioned in these papers, the motivation of such an investigation was to clarify the relation between those propagators and the vacuum state on which the quantum field-theoretical creation of particles 3 ) relies, in view of the fact that the vacuum state cannot be unique in those cosmological space-times!)) The hi-scalar propagators in the Friedmann universes have been derived by our procedure•) based on the method of Fourier expansion, but it has been pointed out that Hadamard's procedure 5 ) (refined by De Witt-Brehme and Friedlander) based on the method of an elementary solution is superior to ours in the case of the Kasner universes. As regards the propagators in the latter case, however, their concrete form has been determined only in a special Kasner universe whose metric can be reduced to the Minkowski metric by a suitable transformation of coordinates. (In spite of this, these two systems of reference cannot be equivalent to each other in the realm of quantized field.)
In view of the above situation, it will be worth while to look into the hi-scalar propagators in some Bianchi-type I universe whose underlying space-time is really curved and anisotropic. (If the relation between those propagators and the vacuum state in question could be settled, such a universe would be suitable to examine the validity of Zel'dovich and Starobinskii's assertion 3 l that the reaction of the produced particles near the cosmological singularity leads to isotropization of any anisotropic universe.) In § 2 the Bianchi-type I universe in question is presented and the wave equation for a massless (for simplicity) scalar field in the universe is solved. In § 3 we derive the requisite hi-scalar propagators by means of Hadamard's procedure. It is shown that the retarded propagator (for instance) survives not only on the past light cone, but also within the past time-like region, in spite of our assumption that the scalar field is massless. Section 4 is devoted to the discussion of our procedure, which becomes indispensable in the realm of quantized field. It is proved in § 5 that, despite of their formal difference, the latter propagators are equivalent to the former ones. In § § 6,...,_,7 the propagators are applied to the evaluation of a massless scalar field generated from a point source and a spatially uniform distribution of sources, respectively. § 2. A massless scalar field in some Bianchi-type I universe Let us consider a homogeneous Bianchi-type I universe specified by the metric ds 2 =g;Jdxidxi =-fo 2 dr 2 + :E r 2 Pa(dx") 2 ,
where r=t/t0 (t0 stands for some epoch), x"=(x,y,z) and Pa (a=1,2,3) are numerical parameters. (If :EaPa = :Ea (Pa) 2 = 1 in particular, there arises the Kasner universe whose metric tensor g;1 satisfies the Einstein field equations for an empty region, i.e., Rii (Ricci tensor) =0. As already pointed out, we dealt with in [II] propagators for a massive or massless scalar field in such a universe, but their concrete form could be determined only when p, = P2 = 0, Ps = 1 corresponding to a flat space-time. The reason was that, otherwise, . we could not find out the explicit expression for a time-like or space-like geodesic interval on which Hadamard's procedure relies.) In what follows, we shall assume that p,=p2=1' Ps=O,
so that (-g) 112 =t0r 2 and R/ is of the form R 0°= R3 3 =0, R,I=R(=(t0r)- 2 and, therefore,
The reason for selecting such a special universe 1s that, so far as the umverse is concerned, the hi-scalar quantity u = (1/2) cS 2 (x, x') between two events x = ( r, x) and x' = ( r', x') (where S (x, x') stands for the geodesic interval and c = 1 
it is an easy matter to show that
Moreover, the energy-momentum tensor for the above scalar field can be defined by and symmetric propagators as follows:
which should satisfy Eqs. (2 ·14) and (2 ·15) (i.e., Eqs. (2 ·13) and (3 · 4) should be equivalent to each other), where e(r-r') ={)(r-r') -0(-r'--r). The above three propagators satisfy one and the same inhomogeneous wave equation, e.g.,
where g(x, x') is the bi-scalar density appearing in Eq. (2·5) and o 4 
. Equation (3·4) shows that the propagator D(x; x') survives not only on the light cone 0" = 0, but also within the time-like region 0" <O (if v=f=O). For later usefulness, let us rewrite Eq. (3 · 4) as 
Similarly, it follows from Eq. (4·1) that
We can derive a differential equation of first order for B, (a, b) \Yith fixed b from Eqs. ( 4 · 3) and ( 4 · 6), whose solution is giYen by
However, the A (a, b) -term in Eq. ( 4 · 7) gives no contribution to the triple senes in Eq. ( 4 · 5), so that the series is reduced to
Accordingly vve can rewrite Eq. ( 4 · 5) as follovvs:
COS t?rs 
In order that Eq. (3·7) for h(x,x') may be equivalent to Eq. (4·15), we must have the behavior of such a massless scalar field generated from two kinds of sources, i.e., a point source and a spatially uniform distribution of sources, by making use of the respective retarded propagators. Contrary to the Friedmann universes with a real cosmological significance, the Bianchi-type I universe under consideration has been selected for simplicity in the derivation of the hi-scalar s 2 = -2t0 -2 15 (x, x') ( cf. Eq. (3 · 8) ). In spite of this, it would be interesting to consider the same problem in the latter universe, because of its anisotropic influence upon the wave propagation. The case of a point source is dealt with in what follows, while another case is the subject of study in § 7.
If the massless scalar field mentioned above IS generated by a point source at x=x0, the field must obey the following inhomogeneous wave equation:
where 1i(r) is some function specifying the point source. By making use of Eqs. 
and ¢(r,x) is an abbreviation of ¢ret(r,x). Equation (6·2) shows that the point source may be situated not only on the past light cone (r'=rchrl. -n, but also "\vithin the past time-like region (r'<rchrl.-~).
It is clear that the quantity A(r') was vanishing before some initial epoch r' = ri (>O) at which the source begins to emit the radiation. If r ch r l.-~~ri, however, we may approximately replace the above condition by the requirement that ri = 0 and dmA(r')/dr'm=O at r'=O,
where 1\1 is a natural number. Moreover, it is easily seen from Eqs. in the Friedmann universes (which is reduced to Robertson's formula for the apparent 1 uminosity of a receding galaxy, when x = 0). The formula shows how the emitted radiation is influenced upon by the anisotropy of the Bianchi-type I umverse under consideration. § 7. Scalar field when the source distribution is spatially uniform
When the source distribution is spatially uniform, the massless scalar field in question should satisfy the following inhomogeneous wave equation:
where S(r) specifies the source distribution after r=ri(>O). By making use of the retarded propagator Dret(x; x') = -8(r-r') D(x; x') with D(x; x') given by Eq. (3 · 6), we can solve Eq. (7 ·1) as follows:
Jr, V rr' Jo V sh 2 a-sh 2 b 2b X {1+~Cn(2b)(2Vsh"a::_sh 2 bfn}, On inserting Eq. (7 · 6) into Eq. (7 · 5) with A= 0, we obtain (7 ·7) where Pc¢J =-T 0° and Pc¢J =Ta a/3 stand for the density and pressure, respectively, for a "perfect fluid" corresponding to the scalar field ¢ (;:-). It is to be noticed that the relation Pc¢J = Pc¢J is formally identical with the hardest equation o£ state envisaged by Zel' dovich. n (ii) The case of l = 1 or Vo = 1/2vFT:
In this case, the spatial components of T/ is not isotropic, except when ¢ ( r) oc (7 ·8) 111 particular, it follows from Eq. 
where Y== ( v"""Z /3) In ( r /ri). Table I . Relative weight of both contributions. In contrast with the situation u1 § 6 on which Eq. (6 ·13), i.e., the luminosity formula from a point source, relies, the quantity ¢ret (-r) given by Eq. (7 · 3) is contributed essentially from events within the past time-like region (as well as those on the past light cone), so that its value depends explicitly upon whether }, = 0 or 1. This is easily seen from Eq. ( 4 ·17), in terms of which Eq. Table I showing that contribution relative to the one from events on the past light cone (which is specified by the first term "1"). § 3.
Concluding remarks
As a sequel to our previous works [I] and [II] on propagators for a scalar field in the Friedmann universes and a special Kasner universe, we have derived in this paper propagators for a massless scalar field in the Bianchi-type I universe with the characteristic exponents P1 =P2 =1 and Ps=O (cf. Eq. (2·1)) and applied the retarded one to the generation of photons and gravitons from a point source and a spatially uniform distribution of sources. All of these works are of a classical level, but their contents would play a positi vc role on the occasion of establishing a well-founded theory o£ quantized scalar field. This is because those propagators should after all be connected with the vacuum state of the quantized field, in spite of the situation that this point has been disregarded in recent works cited in Ref. 3) . Moreover, as Eq. (7 · 9) shows, the energy condition for matter is not inevitable e\-en in classical cosm<,J]ogy, \Vhile another clear-cut example has recently been found by Bekenstein. 9 J
